Background: Recently, many surgeons have chosen the quadriceps tendon (QT) as an autograft for anterior cruciate ligament (ACL) reconstruction. However, there have not been biomechanical studies that quantitatively evaluated knee function after reconstruction using a QT autograft.
The preferred autografts for anterior cruciate ligament (ACL) reconstruction are the bone-patellar tendon-bone (BPTB) and quadrupled semitendinosus and gracilis (QSTG) tendons. The BPTB autograft has been widely used since the 1960s 24 partly because advocates preferred its high strength (ie, an ultimate load at failure for a graft width of 14 mm), measured to be twice that of the native ACL. 39 Additionally, it has bone blocks on both ends that could facilitate good initial graft fixation for knee stability and osteointegration. However, there are a number of postoperative complications, including donor site morbidity, such as the risk of patellar tendon ruptures, loss of quadriceps function, and adhesions as well as knee extension deficits. 27 A large number of patients also experienced anterior knee pain or kneeling pain, 9, 16, 23 and many of them showed signs of osteoarthritis !8 years after surgery. 1, 44, 51 In the last 3 decades, the QSTG autograft has gained popularity, as patients experienced less of the aforementioned postoperative issues. 7, 29 In addition, the ultimate load at failure of the QSTG graft matches well with that of a 10 mm-wide BPTB graft, 52 while harvesting the QSTG graft is easier and requires a much smaller incision. Still, there are other shortcomings of the QSTG autograft that include increases in knee laxity, 2, 59 weakness in knee flexion, 38 slower soft tissue-bone healing, bone tunnel enlargement, 6, 45 and fibrous tissue formation in the tunnel. 6 Recently, the quadriceps tendon (QT) has regained attention as an alternative autograft for ACL reconstruction, even though it was first advocated by Marshall et al 35 in 1979 and Blauth 3 in 1984. In those days, strength was the primary emphasis in orthopaedic sports medicine, and the ultimate load at failure for the QT graft was lower than that for a 14 mm-wide BPTB graft. 39 In time, biomechanical studies have educated us that matching the stiffness of the graft is another and perhaps more important factor when evaluating the graft's function. 11, 47 Furthermore, we have learned the importance of examining the structural properties of the entire graft-bone complex and its function. 54 Meanwhile, laboratory studies have confirmed that a QT graft can be longer, wider, and thicker than the patellar tendon and that the QT-bone complex has tensile properties comparable with those of a PT-bone complex of the same width (mean stiffness: 474.9 6 82.5 N/mm and 544.5 6 113.3 N/mm, respectively; mean ultimate load: 2173 6 618 N and 1953 6 325 N, respectively). 4, 18, 49 As such, Staubli and colleagues 48, 49 and Fulkerson et al 8, 13, 32 have described their preferences for QT autografts. The fact that its use may require a smaller incision than the BPTB autograft during harvesting and that its bone block on one end would allow for bone-to-bone healing can be considered to be advantageous. Recent clinical studies showed that at 2-to 5.5-year follow-up, ACL reconstruction with a QT autograft has achieved good outcomes with fewer complications. Specifically, similar anterior knee stability, less donor site morbidity and anterior knee pain, and improved knee extension were found when compared with those with BPTB and QSTG autografts. 5, 15, 17, 21, 25, 28, 30 Still, there is a lack of scientific data on knee function after ACL reconstruction using a QT autograft. This begs the research question of whether a QT autograft could restore knee mechanics at the time of surgery. We hypothesized that because of the good tensile properties of the QTbone complex, it could successfully restore knee kinematics and graft function to levels comparable to those of a QSTG autograft. Thus, the objective of this study was to evaluate the multiple degrees of freedom (DOF) knee kinematics and in situ forces in the graft by a QT autograft after ACL reconstruction and compare with those using a QSTG autograft under identical external loading conditions that mimicked clinical examinations. We employed a robotic/universal force-moment sensor (UFS) testing system so that knee kinematics and forces in the grafts could be accurately measured after the same knee was reconstructed by a QT autograft and a QSTG autograft. 42, 55 
MATERIALS AND METHODS

Specimen Preparation
Fresh-frozen human cadaveric knees were used in this study, with approval from the Committee for Oversight of Research and Clinical Training Involving Decedents. Each specimen was screened for a history of abnormal body mass index, lower limb trauma, and physical activity level. Additionally, upon dissection, any specimens with ligament damage, meniscal tears, or osteoarthritis were excluded. In the end, 10 knees (mean age, 57.4 6 4.2 years; range, 54-64 years) were used in this study. The sample size was determined based on results of a power analysis performed using previous data to detect differences of 2 mm for anterior tibial translation and 20 N for in situ force measurements (power = .80; significance level = .05). 55, 57, 60 Knee specimens were frozen at -20°C in airtight plastic bags until 24 hours before testing, when they were thawed at room temperature, and the grafts were harvested. 36, 56 The semitendinosus and gracilis tendons were harvested by an orthopaedic surgeon (N.S.) using a tendon stripper through a small incision at the anteromedial tibial surface. The QT autograft was harvested using a scalpel through a small incision at the anterior femoral site, removing a graft measuring approximately 10 mm wide and 70 to 80 mm long. 4 Distally, a 6 mm-to 7 mm-thick and 20 mm-long bone block was removed from the patella using an oscillating saw. After harvest, the grafts were wrapped in double layers of saline-soaked gauze to limit dehydration.
The specimens were then prepared for testing following an established protocol. 26, 58 Briefly, the femur and tibia were cut approximately 20 cm from the joint line, and soft tissues were removed approximately 10 cm away from the joint line, such that the femur and tibia could each be potted in a cylindrical epoxy mold (Fibre Glass, Evercoat, Cincinnati, Ohio, USA). The fibula was also cut 10 cm from the joint line and rigidly fixed to the tibia with a cortical screw to keep its anatomic position. The joints were attached to the robotic/UFS testing system by securing the potted bones within corresponding custommade aluminum clamps with transfixing bolts. The femoral side was rigidly mounted to the base of the robotic manipulator, while the tibial side was attached to the end effector of the robotic manipulator via the UFS system ( Figure 1 ). The specimens were kept moist by regularly spraying with a 0.9% saline solution throughout the test.
Testing of Knee Kinematics and Graft Function
The robotic/UFS testing system was developed 2 decades ago to improve upon previous methodologies to study joint function. 10, 34, 53 The UFS system (Model Theta; ATI Industrial Automation, Apex, North Carolina, USA) has a capacity of 1500 N of force and 240 NÁm of torque and can measure 3 forces and 3 moments in a Cartesian coordinate system fixed with respect to the sensor with a repeatability of 0.5 N for force and 0.05 NÁm for torque. The robotic manipulator (KUKA Model KR 210; KUKA Robotics Corp, Shelby Township, Michigan, USA) has a position and orientation repeatability of less than 0.1 mm and 0.1°. The high accuracy and repeatability, noncontact measurements, and full 6 DOF of joint motion are improvements over previously used systems, including the linkage system. 20 In this study, the robotic/UFS testing system was operated in force, position, and hybrid control to obtain knee kinematics of the intact, ACL-deficient, and reconstructed knees as well as the in situ forces in the intact ACL and ACL reconstruction grafts from the same knee. 33, 43, 55 The testing procedure and the data acquired are shown in Table 1 . First, the path of passive flexion-extension of the intact knee was determined from full extension to 90°o f flexion by moving the tibia in 1°increments while minimizing all external forces and moments. This path provided the starting position at each angle of flexion for the application of external tibial loads for the remainder of the test and served as the reference position by which to measure knee kinematics. 10, 26, 34, 57 In this study, 3 external loading conditions mimicking clinical examinations were applied to the knee joint:
1. a 134-N anterior tibial load with the knee at full extension and 15°, 30°, 60°, and 90°of knee flexion; 2. a 134-N anterior tibial load combined with 200-N axial compression with the knee at full extension and 15°, 30°, 60°, and 90°of flexion 31, 40 ; and 3. a combined 10-NÁm valgus torque and 5-NÁm internal tibial torque at 15°and 30°of knee flexion. 34, 58, 60 The anterior tibial load mimicked the anterior drawer or Lachman test, which is commonly used to test ACL function. The simulated axial compression load added ground-reaction forces or active muscle contractions during daily activities. 40 The combined rotatory load statically simulated the pivot-shift test, a diagnostic tool used to determine rotatory instability due to ACL deficiency. 26 The 5 DOF kinematics (anterior-posterior, mediallateral, and proximal-distal translations as well as internal-external and varus-valgus rotations) of the intact knee in response to the 3 externally applied loads were measured with the knee at full extension and 15°, 30°, 60°, and 90°of flexion ( Figure 1 ). The in situ force in the ACL was determined by carefully transecting the ACL through its midsubstance using a medial mini-arthrotomy and then repeating the intact joint kinematics in positioncontrol mode on the ACL-deficient knee. While the previous path and position were repeated, the UFS system measured a new set of forces and moments. Using the principle of superposition, the vector difference of the measured force between the intact and the ACL-deficient knee was the in situ force in the ACL. 12, 41 Next, the same external loading conditions (conditions 1-3 above) were applied to the ACL-deficient knee, and the resulting 5 DOF kinematics at each preselected angle of knee flexion were assessed to obtain the ACL-deficient kinematics. Kinematics were obtained only at full extension, 15°, and 30°with the addition of a compressive load because the ACL-deficient knee experienced a buckling effect at higher flexion angles that prevented data from being obtained.
Next, ACL reconstructions were performed using a medial parapatellar approach by 1 orthopaedic surgeon using QT and QSTG autografts in a randomized order. For the femoral tunnel, the position was aimed at the center of the insertion of the posterolateral bundle of the ACL using a guide wire. 34, 58 The tibial tunnel was created in the middle of the footprint of the insertion of the ACL using a Protac tibial guide set (Acufex; Smith & Nephew Inc, Andover, Massachusetts, USA). 22 Both tunnels were drilled using a 10 mm-diameter cannulated drill over the guide wire. The graft was passed from the tibial to femoral bone tunnel (with the bone block inserted first in the QT autograft), with the femoral side fixed first using a titanium interference screw (8 3 25-mm RCI screw; Smith & Nephew Inc) while holding both ends of the graft and applying manual tension. The knee was then preconditioned by moving it through 5 cycles of the full range of knee flexion while applying a 44-N pretension on the graft. Finally, the tibial side was fixed with a double-spiked plate and fixation post and a staple (Mitek; Smith & Nephew Inc). In both reconstructions, the graft was fixed under the same initial loading condition (67 N of posterior tibial load and 44 N of initial graft tension at 30°of knee flexion). 19 Each reconstruction involved the use of the same single bone tunnel, fixation methods, and fixation loading conditions and took approximately 30 to 40 minutes to perform. After each reconstruction, the external loads were reapplied to the knee, and the resulting kinematics were recorded by the robotic/UFS testing system. The in situ forces in the grafts were obtained using the principle of Vol. 42, No. 3, 2014 Biomechanical Evaluation of Quad Tendon Autografts for ACLR 725 superposition by releasing the graft and replaying the knee kinematics of the reconstructed knee to measure the vector changes in forces between the ACL-deficient state and the intact state.
Statistical Analysis
A 1-factor repeated-measures analysis of variance (ANOVA) was used for statistical analysis of knee kinematics and in situ forces at each flexion angle, with knee state (intact, ACL deficient, reconstructed) as the factor. Because all variables were measured on the same specimen, interspecimen variation was thus eliminated, which allowed for greater statistical power. A Bonferroni post hoc analysis was performed to make pairwise comparisons between specific knee states. The significance level was set at P \ .05.
RESULTS
Anterior Tibial Load
Under the 134-N anterior tibial load, anterior tibial translation increased as the joint was moved from full extension to 30°of knee flexion and then decreased at 60°and 90°( Figure 2A and Table 2 ). After transection of the ACL, anterior tibial translation increased significantly by 7.3 to 10.1 mm throughout the range of flexion angles tested over the intact joint (P \ .05). After ACL reconstruction with either a QT or QSTG autograft, anterior tibial translation was reduced by 7.3 to 12.0 mm and was restored to within 2.1 mm of the intact joint. There were no significant differences between the 2 grafts at any of the flexion angles tested (P . .05), with a maximum difference between them being 1.1 mm at 60°of flexion. The corresponding axial tibial rotation was similar for all knee states and tested Values are expressed as mean 6 standard deviation. In response to a 134-N anterior tibial load and a 134-N anterior tibial load combined with 200-N axial compression. ACL, anterior cruciate ligament; QSTG, quadrupled semitendinosus and gracilis; QT, quadriceps tendon. b Significant difference from all other conditions (P \ .05). flexion angles and ranged from an average of 0.3°of external rotation to 2.5°of internal rotation.
The magnitude of the in situ force in the ACL remained relatively constant from full extension to 30°of knee flexion (Table 3 ) and then decreased at 60°and 90°. This trend was also observed in both the QT and QSTG grafts. At full extension, 15°, 30°, 60°, and 90°, there were no significant differences between the in situ forces in the 2 grafts. The same was true for each graft compared with the intact ACL from full extension to 30°(P . .05). However, at 60°a nd 90°of knee flexion, there were significant differences (20-22 N and 26-29 N, respectively) compared with the intact ACL (P \ .05).
Combined Anterior Tibial Load and Axial Compression
With the addition of 200-N axial compression to the 134-N anterior tibial load, the anterior tibial translation of the intact knee increased from full extension to 30°of knee flexion and then remained relatively constant between 60°and 90°of flexion ( Figure 2B and Table 2 ). For the ACL-deficient joint, these values increased by 7.8 to 12.6 mm compared with the intact knee, and the increases followed a similar pattern as those under the anterior tibial load (P \ .05). After ACL reconstruction with a QT or QSTG graft, the anterior tibial translation was reduced by 6.3 to 12.9 mm and was actually restored to within 2.5 mm of the intact knee. Furthermore, there were no significant differences between the 2 grafts at any tested angle (P . .05). The axial tibial rotation remained similar for all knee states, although there was an increasing trend in the average internal tibial rotation from full extension (range, -1.2°to 2.7°) to 90°of knee flexion (range, 6.4°-8.6°).
The in situ forces in the ACL remained constant from full extension to 30°of knee flexion and then decreased steadily at 60°and 90° (Table 3 ). For both of the ACL replacement grafts, the in situ forces in the QT and QSTG grafts were slightly lower at full extension and increased at 15°and 30°. Then, the values decreased steadily at 60°and 90°. At full extension, 15°, 30°, 60°, and 90°, there were no significant differences between the in situ forces in the 2 grafts (P . .05). The same was true for each graft compared with the intact ACL from 15°to 60°(P . .05). At full extension and 90°, there were significant differences (26-28 N and 26-34 N, respectively) between the QSTG graft and the intact ACL (P \ .05). Values are expressed as mean 6 standard deviation. In response to a 134-N anterior tibial load and a 134-N anterior tibial load combined with 200-N axial compression. ACL, anterior cruciate ligament; QSTG, quadrupled semitendinosus and gracilis; QT, quadriceps tendon.
Combined Rotatory Load
Under the combined rotatory load, anterior tibial translation increased from 15°to 30°of knee flexion with all knee conditions (Table 4 ). After transection of the ACL, anterior tibial translation increased by 2.8 to 3.7 mm compared with the intact knee (P \ .05 at 30°). After ACL reconstruction, anterior tibial translation with either the QT or QSTG graft was within 0.3 mm of the intact joint at both 15°and 30°of knee flexion (P . .05). Further, no significant differences could be detected between the 2 grafts or between either graft and the intact knee (P . .05).
The tibial rotation also increased from 15°to 30°of knee flexion under all knee conditions (Table 4 ). After reconstruction, the values were within 0.9°to 1.9°of the intact joint with the QT graft and 0.5°to 5.8°with the QSTG graft. However, these differences were not statistically significant (P . .05).
The magnitude of the in situ force in the ACL under the combined rotatory load was similar at 15°and 30°of knee flexion (54 6 30 N and 57 6 35 N, respectively) ( Figure 3 ). This trend was also observed in the QT graft (77 6 28 N and 76 6 28 N at 15°and 30°, respectively) and QSTG graft (62 6 16 N and 54 6 29 N, respectively). There were no significant differences between the 2 grafts at either flexion angle (P . .05). The same was true for each graft compared with the ACL (P . .05).
DISCUSSION
In this study, quantitative biomechanical data from human cadaveric knees on knee kinematics and in situ forces in the intact ACL, a QT autograft, and a QSTG autograft were obtained using external loading conditions mimicking those used in clinical examinations. Data on the kinematics of the intact knee (ie, anterior tibial translation and internal tibial rotation) as well as the in situ forces in the intact ACL are consistent with published data from our research center and others using similar testing conditions. 14, 26, 46, 55, 57, 60 The robotic/UFS testing system employed in this study is advantageous, as it allows 6 DOF kinematics to be recorded without artificially constraining the knee and enables noncontact measurement of the in situ forces in the ACL and ACL replacement grafts. This system is also an improvement over traditional methods such as the linkage system 20 because the starting position and path of motion can be repeated. Using this system under 3 external loading conditions (anterior tibial load, combined axial compressive load, and combined rotatory load), data from each testing condition could be accurately obtained from the same knee. Most importantly, the methods employed allowed us to obtain data for all knee states (ie, intact joint, ACL-deficient joint, and reconstructed joint) from each specimen, which eliminated interspecimen variation and allowed for much greater statistical power.
It was found that both the QT and QSTG autografts could restore knee kinematics to within 2.5 mm of those of the intact knee, and the in situ forces in both of the grafts were mostly within 10 N of the intact ACL at the time of surgery. Notably, no statistically significant differences were found in the knee kinematics or in situ forces in the grafts under all of these experimental conditions. Thus, these data support our hypothesis that the QT autograft could restore knee function to the same level as a QSTG graft. The differences in the in situ forces in the grafts and the intact ACL at 60°and 90°are also consistent with those published in the literature. 58 It has been shown that posterolateral graft placement could not completely restore the intact ACL's function at higher flexion angles because the anteromedial bundle of the ACL was not restored.
In a previous study using the porcine knee as a model, the effect of a combined anterior tibial load and axial compression on knee kinematics and in situ forces in the ACL using the robotic/UFS testing system was examined. It was shown that such combined loading led to significant increases in anterior tibial translation and in situ forces in the ACL compared with anterior tibial loading alone. 31 The present study provides new information on knee function under this loading condition in humans, showing that the anterior tibial translation and in situ forces in the ACL or ACL replacement grafts were similar under the anterior tibial load with compression compared with the anterior tibial load alone.
In the present study, no statistically significant difference was found between the intact, ACL-deficient, or reconstructed joint under the combined rotatory load, except anterior tibial translation between the intact and ACL-deficient joint at 30°. These findings are consistent with those of Seon et al, 46 who found differences of less than 3.5°of internal tibial rotation among all tested knee states under the same anterior tibial load used in the current study. The values obtained are also similar to those found in other published studies. 14, 60 The limitations of the present study include the use of cadaveric joints for in vitro testing. As such, the data obtained could only represent the condition immediately after surgery. Further, the average age of the donors in this study was higher than that of the patients who require ACL reconstruction. The loading conditions used were also representations of those used in clinical examinations to test for ACL and ACL graft function and do not represent the complex in vivo loading conditions. To solve this problem, we suggest additional studies that use biplanar fluoroscopy to record accurate in vivo knee kinematics 37, 50 after ACL reconstruction with either graft and compare in a controlled clinical trial.
To conclude, this study yielded new, quantitative scientific data on knee function when using the QT as an autograft for ACL reconstruction. Our positive findings support the clinical results reported for patients who had undergone ACL reconstruction using a QT autograft by showing that the QT autograft could restore knee function as well as a QSTG graft under externally applied loads simulating clinical tests for ACL function at time zero. Together, these in vitro biomechanical data and in vivo clinical results suggest that the QT could be a good alternative graft choice for patients undergoing ACL reconstruction. Further, the QT autograft could be used in revision ACL surgery in which an earlier autograft has already been harvested and used. 
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